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Available online 29 December 2011Motile cilia create asymmetric ﬂuid ﬂow in the evolutionarily conserved ciliated organ of asymmetry (COA)
and play a fundamental role in establishing the left–right (LR) axis in vertebrate embryos. The transcriptional
control of the large group of genes that encode proteins that contribute to ciliary structure and function
remains poorly understood. In this study we ﬁnd that the winged helix transcription factor Rfx2 is
expressed in motile cilia in mouse and zebraﬁsh embryos. Morpholino knockdown of Rfx2 function in
the whole embryo or speciﬁcally in cells of the zebraﬁsh COA (Kupffer's Vesicle, KV) leads to reduced
KV cilia length and perturbations in LR asymmetry. LR patterning defects include randomization of the
early asymmetric Nodal signaling pathway genes southpaw, lefty1 and lefty2 and subsequent reversals in
the organ primordia of the heart and gut. Rfx2 is also required for ciliogenesis in zebraﬁsh pronephric
duct. We further show that by restoring Left–Right dynein (LRD) expression and motility speciﬁcally in a
subset of ciliated cells of the mouse COA (posterior notochord, PNC), we can restore ﬂuid ﬂow, asymmetric
expression of Pitx2 and partially rescue situs defects.
© 2011 Published by Elsevier Inc.Introduction
Cilia are microtubule-based organelles found on the surface of al-
most all cell types in vertebrates, where they carry out diverse sensory
functions including the detection of light, odor and ﬂuid ﬂow, or are
motile and are responsible for moving cells over substrates or moving
ﬂuids over epithelial surfaces. Some cilia are both motile and sensory
(Andrade et al., 2005; Shah et al., 2009). Cilia also play important roles
in signal transduction and cellular homeostasis, regulating among
other things intracellular calcium levels, andWnt and Hedgehog signal-
ing pathways (Gerdes et al., 2009). Defective cilia underlie a wide range
of human disorders ranging from those localized to single tissues or or-
gans, such as polycystic kidney disease and congenital heart defects, to
others that are broadly pleiotropic, like BBS or laterality defects such as
situs inversus (Bisgrove and Yost, 2006; Goetz and Anderson, 2010;
Ishikawa and Marshall, 2011; Tobin and Beales, 2009).
The basic scaffold, the ciliary axoneme, is composed of nine micro-
tubule doublets surrounded by the ciliary membrane. An additional
central pair of inner microtubules is present in some types of cilia
and absent in others. As protein synthesis does not occur in cilia,Room 3160, Eccles Institute of
et, Fitkin 426, New Haven, CT
), martina.brueckner@yale.edu
sevier Inc.ciliary proteins are transported into and out of the cilium by kinesin
and dyneinmotors and associated proteins in a process termed intraﬂa-
gellar transport (IFT) (Pedersen et al., 2008; Rosenbaum and Witman,
2002). Speciﬁcity of ciliary function is governed in part by the selection
ofwhichmotor, signaling and/or channel proteins are delivered into the
cilium(Evans et al., 2006;Mukhopadhyay et al., 2007). Several bioinfor-
matic, genomic and proteomic studies have identiﬁed a large number of
proteins, perhaps as many as 1200, that are intimately involved in cili-
ary structure and function (Gherman et al., 2006).
Cilia play a vital role during early development in patterning the ver-
tebrate embryo. Left–right asymmetry is established at the posterior
notochord (PNC) in mouse (Supp et al., 1997), the notochordal plate
in rabbit (Okada et al., 2005), gastrocoel roof plate in Xenopus
(Schweickert et al., 2007) and Kupffer's vesicle in zebraﬁsh andMedaka
(Essner et al., 2005; Kramer-Zucker et al., 2005; Okada et al., 2005). This
“Ciliated Organ of Asymmetry” (COA) (Essner et al., 2005) comprises a
small (50–250 cells) population of ciliated cells. Motile cilia in the COA
are a specialized type ofmonocilia that usually have a 9+2microtubule
architecture and dynein-driven motility (Caspary et al., 2007; Feistel
and Blum, 2006). Rotational beating ofmotile cilia generates directional
leftward ﬂow of extracellular ﬂuid in the COA, which results in the
asymmetric activation of the NODAL signaling cascade genes which
are critical in breaking the early bilateral symmetry of the embryo
(Nonaka et al., 1998a; Supp et al., 1999). The mechanism by which
ﬂuid ﬂow across the COA triggers asymmetric gene expression remains
unclear. Two models based on work in mice have been proposed: The
‘morphogen ﬂow’ model proposes that signaling proteins such as FGF,
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are swept to the left side of the node where they are concentrated and
trigger downstream signaling events (Nonaka et al., 1998a; Okada et
al., 1999, 2005; Tanaka et al., 2005). A second ‘two cilia’ model postu-
lates that two populations of cilia exist in the mouse COA and that
ﬂuid ﬂow generated by a central group of LRD-expressing cilia is
detected by mechanical bending of a second non-motile group of cilia
on the periphery of the COA, which initiates a Ca2+mediated signaling
event (McGrath et al., 2003) leading to subsequent asymmetric expres-
sion of genes including Cerl2, Nodal and Pitx2 (Shiratori and Hamada,
2006). It appears that the teleost Kupffer's Vesicle (KV) contains only
motile cilia (Kramer-Zucker et al., 2005). Recent work from Kamura et
al. suggests that themotile KV cilia inmedaka ﬁsh have a dual function:
to generate ﬂuid ﬂow and interpret it through Pkd1l1–Pkd2 sensor
complexes associated with the cilia (Kamura et al., 2011).
Cell- and tissue-speciﬁc transcriptional control of distinct ciliary
functions is only beginning to be understood (Thomas et al., 2010).
The RFX family of transcription factors is deﬁned by a wing-helix
structure DNA binding domain that recognizes the X-Box promoter
motif (Dorn et al., 1987; Emery et al., 1996; Sherman et al., 1987).
Members of the RFX family have been implicated in transcriptional
control of ciliogenesis in Drosophila, C. elegans, zebraﬁsh and mouse
(Bonnafe et al., 2004; Dubruille et al., 2002; Liu et al., 2007; Ma and
Jiang, 2007; Swoboda et al., 2000). In Drosophila and Caenorhabditis
elegans a single X-box transcription factor (dRFX and daf-19 respec-
tively) regulates ciliogenesis in sensory neurons via transcriptional
regulation of intraﬂagellar transport (IFT) proteins (Blacque et al.,
2005; Dubruille et al., 2002; Eﬁmenko et al., 2005; Li et al., 2004;
Swoboda et al., 2000). In contrast, there are seven vertebrate RFX
family members (RFX1-7) which can be categorized into three phylo-
genetic groups: RFX1-3; RFX4, 6; and RFX5, 7 (Aftab et al., 2008). The
members are differentially expressed and have diverse functions,
with RFX2, RFX3 and RFX4 linked to ciliogenesis. Unlike what is ob-
served in invertebrates, loss of any single RFX transcription factors
does not necessarily lead to loss of cilia, suggesting some redundancy
in RFX function. RFX4 is expressed in neural tube and limb, and mod-
ulates hedgehog signaling by a regional effect on ciliogenesis
(Ashique et al., 2009). RFX3 is more broadly expressed, including in
ciliated cells of the embryonic COA, brain, lung, endocrine pancreas
and testes (Baas et al., 2006; Bonnafe et al., 2004; El Zein et al.,
2009). RFX3 has been shown to regulate the expression of a number
of ciliary motility genes including the axonemal dynein heavy chains
Dnahc5, 9 and 11. Mutation of RFX3 in mice results in congenital hy-
drocephalus, diabetes and defects in LR development correlated with
stunting of motile cilia (Bonnafe et al., 2004). These observations led
us to investigate whether the related transcription factor RFX2 played
a signiﬁcant role in the regulation ciliogenesis in the COA and the es-
tablishment of LR asymmetry in mice and zebraﬁsh.
Here we show that Rfx2 is expressed at the COA in zebraﬁsh and
mouse. RFX2 is essential for development of left–right asymmetry:
knockdown of Rfx2 in zebraﬁsh results in shortened Kupffer's vesicle
cilia and subsequent randomization of heart and gut looping. Strikingly,
Rfx2-expressing cells in the mouse embryo deﬁne a subpopulation of
COA ciliated cells. Re-activation of LRD within this subpopulation is ca-
pable of generating adequate nodal ﬂow for normal LR development,
serving as the ﬁrst demonstration that LRD function and cilia motility
exclusively in COA cells is sufﬁcient for mouse LR development. In sum-
mary, Rfx2 transcriptional regulation speciﬁes motile cilia in the COA
that are necessary and sufﬁcient for the development of LR asymmetry.
Materials and methods
Mice
Mice carrying the Lrd-GFPΔneo allele were described previously
(McGrath et al., 2003) and carried on a mixed 129SVJ; C57BL/6 Jbackground. Lrd-GFP mice were produced by crossing Lrd-GFPΔneo
mice with Actin-Cre mice as described previously; the Lrd-GFP mice
are maintained as Lrd-GFP homozygous animals.
Rfx2-Cre mice were created by the Yale animal genomics service.
The Rfx2-containing 280 kb BAC (Clone RP23-258 K4) was obtained
from BACPAC Resource Center (Children's Hospital Oakland Research
Institute). The Cre recombinase coding sequence was inserted at the
start codon of Rfx2 by homologous recombination. PCR and Southern
blotting conﬁrmed correct insertion of the Cre recombinase into the
Rfx2 gene. The resulting Rfx2-Cre BAC was introduced into (C57BL/
6 J X SJL/J) F2 embryos by pronuclear injection. Two Cre positive foun-
der lines were created, bred to homozygosity and analyzed for Cre ex-
pression by crossing with reporter mice ROSA26 and R26-EYFP.
Zebraﬁsh
Zebraﬁsh, Danio rerio, were maintained at 28.5 °C on a 14 hour/10
hour light/dark cycle. Embryos obtained from natural matings of Ore-
gon AB strain zebraﬁsh (Zebraﬁsh International Resource Center, Or-
egon), were cultured and staged by developmental time and
morphological criteria (Westerﬁeld, 1995).
Putative homologues of mouse Rfx2 are present on zebraﬁsh chro-
mosome 8 in a region syntenic with mouse chromosome 17 that con-
tains Rfx2. RT-PCR was used to generate cDNAs from late gastrula, or
24 h post-fertilization (hpf) mRNA using the Superscript First Strand
Synthesis System (Invitrogen). PCR products were ligated into pCRII
TOPO (Invitrogen) and sequenced. Zebraﬁsh rfx2 (GenBank
BX664738) has two alternatively spliced protein isoforms of 704
and 734 amino acids differing in the inclusion or absence of the sec-
ond translated exon. The predicted amino acid sequence of this
exon is absent from the short (698 amino acids) and long (723
amino acids) protein isoforms of the mouse homologue. Zebraﬁsh
Rfx2 isoforms share 72% amino acid identity with those of mouse.
Morpholino knock-down of Rfx2 function and rescue with rfx2 RNA
Morpholino antisense oligonucleotides (Gene Tools, Oregon) were
used to knock-down function of both Rfx2 splice isoforms in zebraﬁsh
embryos. Rfx2 translation-blocking morpholino (rfx2 AUGMO) is
complementary to a region spanning the translation start site, 5′-
CCTTCTGACCGCTGCATGGTTTCTC-3′, and rfx2 splice-blocking mor-
pholino (rfx2 SBMO) 5′-TTGTGCTACTGAGTCTGCTCACTTG-3′overlaps
the splice donor site of the ﬁrst coding exon. A standard negative con-
trol morpholino, 5′-CCTCTTACCTCAGTTACAATTTATA-3′, was also
used. All morpholinos were tagged with ﬂuorescein to facilitate track-
ing their distribution in injected embryos.
Morpholinos were injected into the yolk under the blastoderm of
1- to 2-cell stage, mid-blastula or late blastula stages in a volume of
0.5 or 1.0 nl at the following doses: rfx2 AUGMO, 1 ng; rfx2 SBMO,
8 ng; control MO, 3 ng. To test the efﬁcacy of the splice-blocking mor-
pholino, RT-PCR was carried out on total RNA prepared from embryos
injected with 8 ng of rfx2 SBMO (Supplemental Fig. 1). Sequencing of
these RT-PCR products indicates that this morpholino blocks splicing
at the splice donor site of the ﬁrst coding exon (exon 2) and causes
the retention of intronic sequences which encode 8 amino acids
then a termination codon, predicted to truncate this chimeric protein
at 43 amino acids (data not shown) which should lead to a substantial
decrease in functional gene product.
To produce a rescuing RNA we ampliﬁed full length wild-type rfx2
using a 5′ primer (5′-GGTGGCGCCATGCAACGATCAGAA G-3′) that
substituted 6 of the 25 bases targeted by the rfx2 AUG morpholino
at the translation initiation site and cloned the product into pCS2+.
Capped, in vitro synthesized RNA was produced from this
‘morpholino resistant’ cDNA using the mMessage Machine SP6
transcription kit (Ambion). Wild-type control and rfx2 AUGMO
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entation of the heart and gut.
Whole-mount RNA in situ localization
Riboprobes were synthesized from linearized DNA templates
using SP6 or T7 polymerases and digoxigenin labeling mixes
(Roche). In situ hybridizations of zebraﬁsh embryos were carried
out as previously described (Bisgrove et al., 1999). Anti-sense probes
used include: rfx2 (this report); lefty1 (lft1), lefty2 (lft2) (Bisgrove et
al., 1999); southpaw (spaw) (Long et al., 2003); cardiac myosin light
chain 2 (cmlc2 or my17) (Yelon et al., 1999); foxa3 (fkd2) (Odenthal
and Nusslein-Volhard, 1998);myod1 (Weinberg et al., 1996); Embry-
os were cleared in 70% glycerol/PBST and photographed with a Leica
MZ12 dissecting microscope. Images were captured with a Nikon
Coolpix 5000 digital camera and processed using Adobe Photoshop.
In-situ hybridizations of mouse embryos were carried out accord-
ing as described previously (Lowe et al., 1996). Pitx2 probe was tran-
scribed in vitro from a partial Pitx2 cDNA clone between primers
1Pitx2 (ACATGTAACTCGAGCCTGGC) and 2Pitx2 (ACAGGATGGGTCG-
TACATAGC) covering 3′ coding and 3′UTR sequence. The template
for Nodal probe (Nodal cDNA missing the ﬁrst 20 nt of the coding re-
gion)was obtained fromM. Kuehn. Rfx2 probe spans the coding region
of the cDNA between primers F (CGCAGCATCTTACTTTGAGACTC) and
R (AAGACGTGGGACACATCTAGGTAC).
Immunohistochemistry
Mouse embryos were harvested from timed pregnancies. For im-
munohistochemistry (IHC) mouse and zebraﬁsh embryos were ﬁxed
in 4% paraformaldehyde/PBS overnight at 4 °C . Mouse COA, zebraﬁsh
KV and pronephric duct cilia were labeled by immunohistochemistry
with anti-acetylated tubulin antibody (1:300, Sigma), anti-
phosphokinase C ζ (1:100, Santa Cruz Biotechnology) and ﬂuores-
cent secondary antibodies (1:300, Molecular Probes) as previously
described (Bisgrove et al., 2005). Zebraﬁsh embryos were imaged
on an Olympus Fluoview scanning laser confocal microscope, and
images were processed using Image J software. Mouse embryos were
imaged on a Zeiss Axiovert microscope equipped with Apotome optical
interference imaging to obtain optical sections.
Live embryo imaging
Eight somite-stage zebraﬁsh embryos were mounted with the tail
bud oriented up in 1.5% low-melt agarose and the KV injected with a
1/50 dilution of Fluoresbrite polychromatic red 0.5 μm microshperes
(Polysciences Inc.) The motions of these ﬂuorescent beads were im-
aged at 60x on a Leica DMRA epiﬂuorescence microscope equipped
with a Coolsnap HQ video camera recording at 5 frames/s. Five beads
from each KV analyzed were tracked for approximately 6 s each
using Metamorph software (Molecular Devices Corp.). Average bead
velocities in 6 un-injected control KVs and 7 rfx2 AUGMO KVs were
calculated and analyzed statistically with a Student's two-tailed t-test.
E8.0 mouse embryos were dissected in DMEMwith 5% FBS, incubat-
ed in 100% rat serum for 30 min in a tissue culture incubator at 37 °C.
For imaging of nodal ﬂow, the embryo was positioned node down in
the homemade imaging chamber containing 0.5 μm ﬂuorescent beads
(Molecular Probes) diluted 1:500 in 50%DMEM, 50% rat serum, covered
with a #1 cover slip and visualized with a Zeiss Axiovert microscope
and a 20× objective. Sequences of images were acquired with an Axio-
CamHRc at a rate of 15 frames per secondwith binning 3×3. Thewhole
embryo was removed from the imaging chamber and PCR genotyped.
For visualization of GFP labeled cells in mouse embryos, Rfx2-Cre
homozygous males or females were crossed with R26-EYFPmice. Em-
bryos were harvested in DMEM, 5% FBS and incubated in 100% rat
serum at 37 °C. The imaging was performed as described above fornodal ﬂow, except that the embryo was maintained during imaging
in 100% rat serum on an environment-controlled stage at 37 °C in
5% CO2. Z-stacks of images were acquired every 15–30 min over
course of 6–8 h with the AxioCam MRm. Obtained Images were pro-
cessed using Axiovision 4.8 software from Carl Zeiss.
Results
Rfx2 expression patterns in mouse and zebraﬁsh embryos
To begin to characterize the role of RFX2 in development, we ana-
lyzed the expression pattern of Rfx2 in mouse embryos from e7.5
through e9.0 and in zebraﬁsh embryos from early cleavages stages
through 2 days post-fertilization. Expression analyses of Rfx2 were
performed by whole-mount in situ hybridization (WMISH) on
mouse and zebraﬁsh embryos using digoxigenin-labeled antisense
probes. Sense stand controls were negative for expression (data not
shown). mRNA for mouse Rfx2 was ﬁrst detected in the posterior no-
tochord (PNC) of the late headfold-stage embryo (pre-somite, Theiler
stage 10) (Fig.1A and B), and then persisted at the midline at the
turning stage (10 somites, Theiler stage 13) (Fig. 1C). Detection of
Rfx2 mRNA with antisense ribobrobe followed by immunolabeling
with anti-Arl13B antibodies (Supplemental Fig. 2A) shows that
Rfx2mRNA localizes to cells at the posterior margin of the COA. This
is also observed by two-color WMISH using Rfx2 and nodal antisense
riboprobes (Supplemental Fig. 2B). After turning, Rfx2 disappeared
except at the most posterior region of the tail (Fig. 1D). For compari-
son we also examined Rfx3 expression, a gene previously described to
play a role in ciliogenesis in the mouse embryos (Bonnafe et al.,
2004). Rfx3 expression occurred earlier than Rfx2 in the primitive
streak, was more diffuse (Supplemental Fig. 3A), and persisted in
the PNC of the late headfold embryo (Supplemental Fig. 3B). In the
early somite embryo, Rfx3 was restricted to the head region (Supple-
mental Fig. 3C). After turning, low-level Rfx3 expression persisted
throughout the embryo (Supplemental Fig. 3D). The earlier onset
and more diffuse expression of Rfx3 in mouse indicate that it might
regulate ciliogenesis in a broader range of cells than Rfx2.
In zebraﬁsh, rfx2 expression patterns in several tissues were consis-
tentwithmouse Rfx2 expression. Zebraﬁsh rfx2was expressedmaternal-
ly and was detectable at early cleavage stages in the embryonic
blastomeres (Fig. 1E). Zygotic rfx2 expression began during gastrulation
at shield stage when transcripts were localized to mesendoderm in the
germ band and in the dorsal forerunner cells (DFCs, Fig. 1F). During sub-
sequent gastrulation stages rfx2 localized to the dorsal midline in cells
that give rise to the spinalﬂoorplate (Fig. 1G). At bud stage, prior to somi-
togenesis, DFCs aggregate to becomeKupffer's Vesicle (KV), the zebraﬁsh
ciliated organ of asymmetry (Cooper and D'Amico, 1996; Essner et al.,
2005). At this stage rfx2 was expressed in KV and along the midline in
the neural tube (Fig. 1H). Rfx2 expression in KV was extinguished by
about the 3 somite stage, prior to inﬂation of KV and KV ciliogenesis,
but continued to be expressed throughout the neural tube as well as in
the pronephric ducts during somitogenesis (Fig. 1I, J). Expression gradu-
ally disappeared, and by 40 h post-fertilization (hpf) remained only in
limited regions of the brain (Fig. 1K).
In summary, Rfx2 in mouse and zebraﬁsh was expressed in a relat-
ed set of tissues including the midline and importantly the PNC and
KV, the ciliated organs of asymmetry (COA) in the two species. This
conservation of expression patterns is consistent with a conserved
function for RFX2 in regulating expression of ciliary genes.
Rfx2 is required for early LR patterning in zebraﬁsh
To analyze the role of Rfx2 in zebraﬁsh development we knocked
down gene function by injecting rfx2 morpholinos into 1–2 cell em-
bryos. Both translation-blocking (rfx2 AUGMO) and splice-blocking
(rfx2 SBMO) morpholinos gave similar phenotypes. The most obvious
Fig. 1. Mouse and zebraﬁsh homologues of rfx2 are expressed in ciliated organs of asymmetry and other ciliated tissues. In situ localization of mouse Rfx2 transcripts indicated no
expression in late streak (LS) or earlier stage embryos (A). Expression was ﬁrst detected in the posterior notochord (PNC) at late headfold stage (B), persists in the midline through
e8.5 (C) and was downregulated in all but the posterior tail by e9.5 (D). In situ localization of zebraﬁsh rfx2 indicated that transcripts are present maternally (E). At shield stage
zygotic expression was limited to mesendoderm at the margin and dorsal forerunner cells (DFC) (F). During late epibiloy (G) and bud stages (H) rfx2 transcripts are restricted
to the embryonic midline. During somite stages, expression was restricted to the neural tube and pronephric ducts (I,J) and becomes down-regulated everywhere except regions
of the dorsal brain by 40 h post-fertilization (K).
169B.W. Bisgrove et al. / Developmental Biology 363 (2012) 166–178external morphological phenotype of rfx2 morphants was a strong
ventral curvature of the trunk and tail (Fig. 2A, B). In normal embryos
at 42 hpf the atrium of the heart loops to the left while the ventricle
loops to the right, and the liver and intestinal bulb lie on the left side
of the midline (Fig. 2C, E). In rfx2 morphants the orientation of heart
and gut looping were frequently reversed (Fig. 2D, F). Organ reversal
rates in un-injected embryos or embryos injected with Control Mor-
pholino (Gene Tools, Inc) were less than 3%, while approximately
35% of rfx2morphants had reversed orientation of the heart, with sim-
ilar reversal rates in gut looping direction (Fig. 2G; Supplemental Fig.
4A). The frequency of heart reversal in rfx2 AUGMO embryos was res-
cued to approximately 18% by injection of in vitro synthesized rfx2
mRNA (Fig. 2H), with a similar rescue of gut looping (Supplemental.
Fig. 4B). Injection of rfx2 RNA into wild-type embryos had no effect
on organ laterality. In individual embryos, the orientation of heart
and gut looping were almost always concordant.
We assessed whether Rfx2 knockdown altered asymmetric gene
expression, corresponding with alterations in organ asymmetries.
Nodal signaling pathway genes southpaw (spaw), lefty1 (lft1), and
lefty2 (lft2) are normally expressed only on the left side of the embryo
(Fig. 3A–H) (Bisgrove et al., 1999; Bisgrove et al., 2000; Long et al.,
2003). At the 19–21 somite stage spaw was normally expressed in
the tailbud and asymmetrically in the left lateral plate mesoderm
(LPM) (Fig. 3A). In contrast, spaw expression in the LPM of rfx2 mor-
phants was randomized, with individual embryos displaying re-
versed, bilateral or absent spaw expression patterns (Fig. 3B–D). In
embryos injected with either a translation-blocking (rfx2 AUGMO)
or splice-blocking (rfx2 SBMO) morpholino, 31 and 45% of morphantembryos respectively had normal left-sided spaw expression, while
the remainder had right-sided, bilateral or no spaw expression in the
LPM (Fig. 3I). In un-injected embryos and embryos injected with con-
trol morpholino, spawwas expressed in the left lateral plate mesoderm
(LPM) in greater than 95% of embryos. The bilateral domain of spaw in
the tailbud (Long et al., 2003) was unaffected in morphants.
Expression of the zebraﬁsh lefty-related geneswas also randomized in
rfx2morphants (Fig. 3E–H). Greater than 93% of un-injected embryos and
embryos injectedwith controlmorpholino hadnormal, left-sided expres-
sion of lft1 in the left diencephalon, and lft2 in the left LPM (Fig. 3J, K). In
rfx2 AUG and splice blocking morphants respectively, left-sided expres-
sion of lft1was observed in 18–38% of embryos and left-sided expression
of lft2was observed in 23-40% of embryos. The midline, a source of left–
right patterning information (Bisgrove et al., 2000), remained intact in
these morphants as evident by the normal expression of lft1 (Fig. 3E–H)
in the notochord. Expression of other midline marker genes including
no tail in the notochord and sonic hedgehog in the ﬂoorplate was also
normal in rfx2morphants (data not shown). In summary, altered expres-
sion patterns of spaw, lft1 and lft2 were similar using two distinct rfx2
morpholinos, and were consistent with the number of reversals in heart
and gut looping, indicating that rfx2 functions upstream of the Nodal/
Lefty signaling pathway and, in turn, of organ laterality.
Rfx2 is important in Kupffer's vesicle cilia
Kupffer's vesicle in zebraﬁsh functions as a ciliated organ of asym-
metry (COA) to set up asymmetric Nodal signaling pathway in the left
LPM, in an analogous manner to that proposed for the mouse PNC in
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Fig. 2. Knockdown of rfx2 gene function results in altered body shape, and LR patterning defects in heart and gut. Rfx2 morphants (B) exhibited a strongly ventrally curved trunk
and tail compared to un-injected wild-type embryos (A). The direction of heart and gut looping were often reversed in rfx2morphants (C–H). In a wild-type embryo, the atrium of
the heart loops toward the left side of the embryo (C) and the liver and intestinal bulb are located on the left side of the embryo (E) while in rfx2 morphants the position of these
organs was often reversed (D, F). B, D, F— rfx2 AUGMO. Histogram depicting the percentage of heart and gut reversals in wild-type and rfx2morphant embryos (G). The incidence of
gut reversals in rfx2 AUGMO embryos was partially rescued by injection of rfx2 RNA. (H) Histogram depicting the percentage of heart reversals in wild-type and rfx2 AUGMO em-
bryos injected with rfx2 RNA.
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whether rfx2 morphants had defects in KV formation or KV ciliogen-
esis, we used anti-acetylated tubulin immunohistochemistry to label
cilia and anti-phosphokinase C ζ to label KV cell membranes in un-
injected embryos, and embryos injected at the 1–2 cell stage with
Control MO or rfx2 AUGMO. At the 8-somite stage KV is a hollow
sphere lined with long cilia (Fig. 4A, B). Since the number of cilia var-
ies with KV size and stage, we limited our analysis to 8–9-somite-
stage embryos with similar size KV. Analysis of KV cilia at the 8–9
somite-stage in un-injected embryos, Control MO and rfx2 AUGMO
morphant embryos showed that that un-injected and Control MO
embryos had similar mean cilia number/KV (42.2 and 43.2, respec-
tively) and lengths of KV cilia (5.97 μm and 5.34 μm, n=9 embryos
each). In rfx2 AUG morphants, mean cilia number/KV was normal
(41.6, n=9 embryos) but mean cilia length was signiﬁcantly reduced
(3.28 μm; pb0.0001) (Fig. 4A, B, C), indicating that Rfx2 function is
required for KV ciliogenesis.
To analyze the effect of shortenedKV cilia on directionalﬂuidﬂowwe
tracked the movement of ﬂuorescent beads injected into the KV lumen
(Fig. 4D, E; Supplemental Video 1A, B). In wild-type control embryos
injected beads exhibited a counterclockwise ﬂow with a mean velocity
of 8.6 μm/s (6 embryos, 5 beads each) whereas in rfx2 AUGMO embryos
beads exhibited a randommotion and signiﬁcantly reduced (pb0.0001)
mean velocity of 4.1 μm/s (7 embryos, 5 beads each) (Fig. 4F).rfx2 morpholinos targeted to COA cells perturb LR patterning and heart
and gut orientation
To determine whether the LR defects in rfx2morphants are due to
perturbations in gene function speciﬁcally in ciliated KV cells, or
whether disruptions of LR are due to functions in other tissues that
result in body curvature, we used a technique that generates chimeric
embryos by knocking down gene function exclusively in dorsal fore-
runner cells (DFCs) but not in other embryonic cell lineages (Amack
and Yost, 2004). The DFC lineage contributes to KV (Cooper and
D'Amico, 1996), and morpholinos injected into the yolk during mid-
blastula stages (256–1024 cells) can diffuse throughout the yolk and
are taken up by DFCs but excluded from the rest of the embryo
(Amack and Yost, 2004). Using ﬂuorescence microscopy we identiﬁed
embryos in which ﬂuorescein-tagged rfx2 morpholinos were speciﬁ-
cally taken up by DFCs but not in other embryonic tissues and select-
ed these chimeric embryos for analysis.
Mid-blastula stage injections of rfx2 AUGMO targeted to the DFC/
KV (DFCrfx2 AUGMO) randomized asymmetric gene expression patterns
(Fig. 5). Left-sided expression of lft1 in DFC-morphants was 69% ver-
sus 86% in embryos injected with control MO (DFCcontrolMO) (Fig. 5A)
while left-sided expression of lft2 in the LPM of DFC-morphants
was 72% versus 88% in embryos injected with control MO (Fig. 5B).
DFC rfx2AUGMO also showed an increase in heart and gut reversals
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Fig. 3. Rfx2 functions upstream of early asymmetric LPM genes. In 19–21 somite-stage rfx2morphants spawwas expressed in the lateral plate mesoderm on the left side (A, typical
of wt embryos) as well as on the right side (B), bilaterally (C), or was not expressed (D). At the 22–24 somite-stage, the two lefty genes are expressed asymmetrically, with lft1
predominantly in the left diencephalon and lft2 expressed in the left heart ﬁeld. Individual rfx2 morphants displayed this normal left-sided expression (E), or aberrant right-
sided expression in both the diencephalon and heart ﬁeld (F), bilateral expression in both (G), or an absence of expression (H). Midline expression of lft1was normal in morphants.
myod1 expression in somites was used to stage embryos. Embryos shown are rfx2 AUGMO; rfx2 SBMO are similar. Histograms depicting the percentages of spaw (I), lft1 (J) and lft2
(K) expression patterns in wild-type and rfx2 morphant embryos.
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(9%) or to un-injected controls (3%) (Fig. 5C, D). Gross morphological
phenotypes produced from 1-2 cell stage injections, including curled
tails, were not seen in DFC-morphants produced from DFC-targeted
injections (not shown). As an important control to conﬁrm that rfx2
morpholinos must enter DFCs to perturb LR development, we injected
morpholinos into the yolk at late blastula stages (dome stage to 30%
epiboly), when connections between the yolk and DFCs are closed
(YolkMO) (Cooper and D'Amico, 1996). In these embryos, yolk-
injected rfx2 morpholino diffused throughout the yolk but did not
accumulate in DFCs and did not cause signiﬁcant reversals (3%) in
heart and gut looping (Fig. 5E, F), indicating that Rfx2 function was
required speciﬁcally in DFCs/KV, and not in yolk, for correct establish-
ment of the LR axis.
The RFX2 promoter drives COA speciﬁc Cre expression
COA-speciﬁc Cre expressing mouse lines are an invaluable tool to
dissect gene function in mouse COA, which includes posterior noto-
chord (PNC) and organizer tissue. Three COA-speciﬁc Cre lines have
previously been described: Foxa2-Cre, which drives Cre expression
in the notochord and the PNC crown cells beginning at e7.5 (Kumar
et al., 2007; Uetzmann et al., 2008), FoxJ1CreER, which expresses Cre
in the ciliated cells of the COA beginning at 0–2 somites (Wang and
Ware, 2009) and Nodal-Cre, which drives Cre expression in both
crown and pit cells (Kumar et al., 2007). Full Cre expression in these
lines is not established until the 0-2-somite stage, limiting theirvalue in the analysis of earlier events including the ﬁrst steps in LR
patterning. Since we found that Rfx2 is expressed early and exclusive-
ly in the COA in mouse embryos (Fig. 1), and its role in LR develop-
ment is dependent on function in analogous KV ciliated cells in
zebraﬁsh (Fig. 4, 5), we explored the possibility that a promoter de-
rived from Rfx2 would serve as an excellent candidate to drive COA-
speciﬁc Cre expression. Evaluation of the genomic region around the
Rfx2 start site revealed conserved domains immediately upstream of
the untranslated 1st exon, and within the 22.5 Kb 1st intron, preced-
ing the Rfx2 translational start contained in exon 2 (Supplemental Fig.
5). To recapitulate the complete expression domain of Rfx2, a BAC
construct was made which introduced Cre recombinase in-frame im-
mediately following the Rfx2 translational start (Fig. 6A). The entire
BAC construct was 280 Kb in size, and encompassed the full genomic
extent of Rfx2. One of two independent Rfx2-Cre transgenic mouse
lines demonstrated the expected pattern of Cre expression. Homozy-
gous Rfx2-Cre mice were found at expected Mendelian ratios, and
were phenotypically normal and fertile, indicating that the BAC con-
struct did not interrupt essential genes, and did not result in deleteri-
ous overexpression of genes within the BAC. Cre expression was
evaluated by crosses between Rfx2-Cre mice and ROSA26 conditional
reporter mice, and by crosses between Rfx2-Cre mice and R26-EYFP
ﬂuorescent reporter mice. Expression was consistent over >3 gener-
ations. Rfx2-Cre did not demonstrate any Cre-induced expression of
LacZ until the late headfold stage, when LacZ expression was ob-
served in the COA (Fig. 6B, C). From late headfold to 6 somites,
LacZ-expression was observed in the pit cells of the PNC (Fig. 6D,
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Fig. 4. Rfx2 knockdown disrupts ciliogenesis in KV and KV ﬂuid ﬂow. Cilia within Kupf-
fer's vesicle of 8–9 somite-stage embryos injected with control morpholino averaged
5.34 μm in length (A) while those in embryos injected with rfx2 AUGMO were signiﬁ-
cantly shorter, averaging 3.28 μm in length (B,). (C) Histogram of mean cilia length of
KV cilia in un-injected, control MO and rfx2 AUGMO embryos (9 embryos each, analysis
by one-way ANOVA, error bars are standard error) Fluorescent beads injected into KV
of 8 somite-stage control embryos move in a counterclockwise direction (D; Supple-
mental Video 1A). In rfx2 AUGMO embryos there is no net directional ﬂow and injected
beads follow a random trajectory, often reversing direction (E; Supplemental Video
1B). The embryos in panels D, E are oriented with the embryonic notochord in the
lower right-hand corner of the image. (F) Histogram of mean bead velocities in un-
injected control embryos and rfx2 AUGMO embryos (6 control embryos, 7 rfx2AUGMO;
5 beads tracked in each, analysis by Student's two tailed t-test, error bars are standard
error).
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subset of PNC cells. Rarely, a few LacZ-expressing cells were found an-
terior to the PNC in the notochord. Since Rfx2 mRNA was detected at
the midline at e8.5 (Fig. 1C), it was not possible to determine whether
the LacZ-expressing cells arose within the notochord, or migrated an-
teriorly from the PNC. A few LacZ-expressing cells were observed in
the tail bud after embryonic turning (Fig. 6G).
To further evaluate the fate of Rfx2-Cre expressing cells, we per-
formed time-lapse live imaging of Rfx2-Cre-R26YFP embryos, whichexpress YFP under the control of the Rfx2 promoter. Embryos from
Rfx2-Cre-R26YFP matings were cultured in rat serum and imaged;
embryos at equivalent stages were ﬁxed and processed for
WMISH with Rfx2 riboprobes. Rfx2 mRNA remains in the cells at
the posterior margin of the PNC, and no RNA signal is observed in
the PNC pit cells (Fig. 7A, B, and Supplemental Fig. 2). YFP-
expressing cells are ﬁrst observed at the posterior margin of the
PNC at the late pre-somite through 2-somite stage (Fig. 7C). They
subsequently appear in the PNC pit (Fig. 7D and Supplemental
Fig. 6). In the absence of Rfx2 mRNA expression in the PNC pit
cells, this observation suggests that the YFP-positive pit cells arise
from cells from the posterior PNC margin. In summary, RFX2-Cre re-
sults in Cre expression in a subpopulation of posterior PNC cells in
the COA. These cells migrate into the PNC pit during the 1–5 somite
stages, which are crucial stages for cilia-driven ﬂuid ﬂow and devel-
opment of LR asymmetry.
COA speciﬁc rescue of Left–right dynein rescues the laterality phenotype
of Lrd mutant mice
COA cells have a specialized motile cilium, which moves in a
clockwise fashion to generate leftward ﬂow of extraembryonic ﬂuid,
initially referred to as ‘nodal ﬂow’ (Nonaka et al., 1998b). COA ciliary
motility is powered by the outer arm dynein motors DNAHC5 and
Left–Right Dynein (LRD, or DNAHC11). Mutants of either LRD or
DNAHC5 have paralyzed, non-motile cilia, resulting in disrupted or
absent nodal ﬂow and abnormal development of left–right asymme-
try (Ibanez-Tallon et al., 2002; Supp et al., 1997). Lrd mRNA is
expressed in the COA beginning at e7.75, in the foregut pocket at
e8.5 and the notochord and ﬂoor plate from e10.5 to e12.5 (Supp et
al., 1999). We have previously generated mice that allow conditional
activation of Lrd, Lrd-GFPΔneo (Fig. 8A; Supplemental Fig. 7;
(McGrath et al., 2003)). Brieﬂy, EGFP was inserted in-frame immedi-
ately downstream of the Lrd translation start site. The neomycin resis-
tance gene (NEO), ﬂanked by loxP sites, was inserted into the 1st
intron. Aberrant splicing from the NEO gene in the ﬁrst intron of
Lrd-GFPΔneo disrupts normal Lrd mRNA production. Thus, in homozy-
gous lrd-GFPΔneo/Δneo embryos, no full-length Lrd transcript is
detected, litter size is reduced, COA cilia are paralyzed, and approxi-
mately 50% of surviving offspring have situs inversus. Importantly,
germ-line removal of NEO by actin-Cre-mediated recombination re-
constitutes normal Lrd function, and results in Lrd-GFP mice expres-
sing GFP-tagged, functional LRD (McGrath et al., 2003).
To evaluate whether LRD function in COA cells is essential and suf-
ﬁcient for normal left–right development, Lrd-GFP Δneo/Δneomice were
crossed with Rfx2-Cre mice to rescue LRD speciﬁcally in RFX2-
expressing PNC pit cells. LrdΔneo/+:: Rfx2-Cre stud males were evaluat-
ed for Cre expression by mating with ROSA26 females and evaluating
lacZ expression in e8.0 embryos (analysis similar to Fig. 6). Males
with offspring demonstrating robust COA-speciﬁc Cre expression
were mated to lrdGFP Δneo/Δneo females. COA cell speciﬁc rescue
of LRD resulted in rescue of the embryonic lethality observed in
Lrd Δneo/Δneo mice (Fig. 8B), and no live-born Lrd Δneo/Δneo:: Rfx2-
Cre mice had situs inversus. While 45% of e9.5 Lrd Δneo/Δneo embryos
had heart loop reversals, only 10% Lrd Δneo/Δneo:: Rfx2-Cre embryos
had reversed heart loops (Fig. 8C). Left–right patterning was eval-
uated by analysis of Pitx2 mRNA expression at e8.5. In LrdΔneo/Δneo
embryos, normal left-sided Pitx2 expression was observed in only
40%, while 70% of Lrd Δneo/Δneo:: Rfx2-Cre embryos had normal
left-sided Pitx2 expression (Fig. 8D).
Since native LRD was replaced by GFP-LRD in Lrd Δneo/Δneo, and the
non-recombined NEO prevents full-length mRNA accumulation from
this construct, and thereby prevents expression of GFP-LRD, the efﬁ-
ciency of Cre-mediated recombination can be assessed by ﬂuores-
cence imaging of the COA in Lrd Δneo/Δneo::Rfx2-Cre embryos and
comparing the number of GFP-expressing cilia (i.e. ciliated cells in
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Fig. 5. DFC targeted rfx2morpholinos perturb LR asymmetric gene expression and cardiac orientation. Histograms depicting the percentages of embryos with left, right, bilateral or
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targeting experiments, morpholinos were injected into the yolk at a later stage during which uptake by DFCs no longer occurs either with control MO (yolkcontrolMO) or rfx2
AUGMO (yolkRfx2 AUGMO), and scored for orientation of heart (E) and gut looping (F).
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GFP-LRD) with those observed in embryos not expressing Cre (as
a negative control) and in embryos expressing GFP-LRD (as a
positive control). COA size and shape were indistinguishable
between LrdΔneo/Δneo:: Rfx2Cre and Lrd-GFP embryos. GFP-tagged
cilia were observed in both, however the number of GFP-LRD
expressing cilia was lower in Lrd Δneo/Δneo:: Rfx2Cre embryos (60,
63; n=2) than Lrd-GFP embryos (128, 159; n=2; p=0.04)
(Fig. 8E, F, I, J). Rescued embryos had GFP-LRD containing cilia
throughout the COA without a left-right bias; however, at earlier
stages, more GFP-positive cilia were found in the posterior half of
the PNC. No GFP tagged cilia were observed in LrdΔneo/Δneo::Cre-minus
littermate embryos (Fig. 8G,H). Together, these data indicate that COA
speciﬁc rescue of LRD by Rfx2-Cre leads to signiﬁcant rescue of the
abnormal development of LR asymmetry observed in Lrd Δneo/Δneo
mice, and suggests that LrdmRNA expressed in other tissues including
the foregut pocket was not required for LR development or embryonic
survival.
Fluid ﬂow was assessed by imaging movement of ﬂuorescent beads
across the COA in live Lrd-GFP and Lrd Δneo/Δneo::Rfx2-Cre embryos
(Supplemental Fig. 8). Flow velocity was similar in both Lrd-GFP and
lrd Δneo/Δneo::Rfx2-Cre embryos; however, ﬂow in the rescued embryoswas more prominent at the posterior PNC, while it was more uniform
in the Lrd-GFP embryos. No ﬂow was detected in the LrdΔneo/Δneo
embryos. In summary, LRD-mediated ciliarymotility in COA cells derived
from RFX2-positive cells is sufﬁcient to generate effective ﬂuid ﬂow
across the COA and substantially rescue LR development in LrdΔneo/Δneo
embryos. Similar to previous observation in Xenopus (Vick et al., 2009),
LR development was substantially normal in the face of a reduced num-
ber of motile (GFP-LRD-expressing) COA cilia.Discussion
The results presented here demonstrate that the X-box transcrip-
tion factor RFX2 is expressed in the Ciliated Organ of Asymmetry
(COA), speciﬁcally in the anterior tip of the primitive streak in
mouse and the dorsal forerunner cells and Kupffer's Vesicle (KV)
cells in zebraﬁsh. RFX2 is required for the development of left–right
asymmetry, and motile cilia on RFX2-expressing cells are sufﬁcient
to establish adequate ﬂuid ﬂow across the COA to direct normal LR
development in mouse. Together these results suggest that RFX2 ex-
pression deﬁnes an evolutionarily conserved population of ciliated
cells in the COA.
Fig. 6. Rfx2-Cre transgene recapitulates endogenous rfx2 expression. (A) Design of Rfx2-Cre transgene. The BAC encompasses the entire Rfx2 coding region. Cre recombinase is
inserted in-frame behind the RFX2 start site located in exon 2 of the Rfx2 gene. (B–G) LacZ expression in RFX2Cre::ROSA26 embryos. (B) late primitive streak stage. (C) LacZ positive
cells ﬁrst become apparent in the posterior region of the node at late headfold stage. (D, E) Early somitogenesis, (F). During further development LacZ positive cells migrate to the
caudal region of the embryo. (G) E9.5 LacZ positive cells are observed in the tail portion of the notochord.
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The RFX class of transcription factors exerts broad control over
ciliogenesis in organisms including C. elegans and Drosophila. In verte-
brates, the RFX family has 7 members, of which Rfx1-4 are known to
be expressed in the developing mouse embryo and rfx1b, rfx2, rfx4
and rfx6 are expressed in the zebraﬁsh embryo. Zebraﬁsh and
mouse homologues of Rfx2 share similar splice isoforms and 72%
amino acid identity indicating that many aspects of protein function
may be conserved. Knock-down of Rfx2 function in zebraﬁsh results
in embryos with ventrally curved tails, shorter KV cilia and defects
in LR patterning. This cluster of phenotypes is consistent with previous
reports of zebraﬁsh mutants and morphants that affect ciliary formation
and function (Becker-Heck et al., 2011; Bisgrove et al., 2005; Kramer-
Zucker et al., 2005; Yu et al., 2008). Perturbations in LR patterning are
manifest as randomization of the expression patterns of the asymmetric
Nodal signaling pathway genes spaw, lft1 and lft2 which correlate with
reversals in the direction of looping of the heart and gut primordia
later in development.By targeting morpholinos speciﬁcally to the DFC/KV we demon-
strate that Rfx2 function is cell-autonomously required in DFC/KV
cells for LR patterning. Rfx2 DFC-targeted morphants do not exhibit
curved bodies, demonstrating that laterality defects in thesemorphants
are independent of body curvature and are a consequence of reducing
gene function only in DFCs/KV. While it is difﬁcult to control the dose
of morpholinos targeted to DFCs, and thus the penetrance of effect is
often lower than whole-embryo targeting, this technique has provided
a valuable approach to examining DFC/KV-speciﬁc gene function
(Amack and Yost, 2004; Essner et al., 2005). The weaker penetrance of
the laterality phenotype relative to that observed from morpholino in-
jections at the 1–2 cell stage likely reﬂects inefﬁciencies of DFC-
targeted injections, such as variability in the amount of morpholino
that enters DFCs from the yolk, and variable number of DFCs that obtain
morpholino in a given embryo. The important point is that the laterality
effects are signiﬁcantly above controls, demonstrating that Rfx2 is re-
quired in DFC/KV cells for LR patterning. Of course, as with any other
gene to which this technology is applied, these observations do not ex-
clude the possibility that Rfx2 has functions in other tissues in addition
Fig. 7. Live-imaging of COA in RFX2Cre :: R26YFP. (A–B) Rfx2 mRNA by WMISH in the
COA of a ﬁxed 0-somite (A) and 4-somite (B) embryo. (C–D) Live imaging of Rfx2Cre::
R26YFP embryo for 360 min from 0 somites (C) to 4 somites (D).
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velopmental function (Warga and Stainier, 2002) other than their role
in giving rise to ciliated KV which functions in the establishment of LR
patterning (Essner et al., 2005) . ReducedKV cilia length and LR pattern-
ing defects have been reported for knockdowns of several proteins
expressed in KV cells, including Ift88/Polaris, Ift57, Fgf8, Fgf24, FoxJ1,
DeltaD and are often correlated with impaired KV ﬂuid ﬂow (Bisgrove
et al., 2005; Kramer-Zucker et al., 2005; Lopes et al., 2010; Neugebauer
et al., 2009; Yu et al., 2008).
Similar to what we have observed in zebraﬁsh rfx2 morphants,
mice mutant for Rfx3 have markedly stunted cilia in the COA and em-
bryos have LR patterning defects (Bonnafe et al., 2004). There is sig-
niﬁcant, but not complete overlap between the Rfx2 and Rfx3
expression pattern in the COA, suggesting that RFX2 and RFX3 may
have cooperative function in LR development. RFX3 has previously
been shown to have a role in LR development in mice via transcrip-
tional control of IFT proteins including the axonemal dynein genes
Dync2li1, Dnahc11, Dnahc9 and Dnahc5 (Bonnafe et al., 2004; El Zein
et al., 2009). Interestingly, although both DNAHC11 and DNAHC5
are essential to LR development via an essential role in cilia motility
in the COA, the LR phenotype in Rfx3−/− embryos is only partially
penetrant, suggesting at least some functional redundancy. As RFX
transcription factors can function as homo- or heterodimers, co-
expression of both Rfx2 and Rfx3 in the COA could provide very ﬁne
control over ciliogenesis and function via temporo-spatial regulation
of RFX 2 and RFX3 levels.
LRD drives LR asymmetry exclusively via ﬂuid ﬂow
One gene regulated by RFX transcription factors is the microtubule
motor protein left–right dynein (LRD, DNAHC11) which has a con-
served x-box located in the ﬁrst intron. Lrd is expressed in the COA
of multiple vertebrates including mice and zebraﬁsh (Essner et al.,
2002), is essential for cilia motility in the COA and for LR patterning
of the brain, heart and gut in zebraﬁsh (Essner et al., 2005), and has
been implicated in human primary ciliary dyskinesia (Bartoloni et
al., 2002). Mice with Lrd mutations also have paralyzed COA cilia
and randomization of cardiac and visceral situs (Supp et al., 1997,
1999). In addition to prominent expression in the COA, it is alsoexpressed at low levels in 1–8 cell embryos, and later in development
is expressed in the foregut pocket and in the limb buds (Supp et al.,
1999). Early LRD expression has been proposed to have a role in seg-
regation of differentially imprinted chromatids, and it is suggested
that this early function lies upstream of LRD-generated ﬂuid ﬂow
(Armakolas and Klar, 2007; Armakolas et al., 2010). Our ﬁnding that
LRD function restricted entirely to RFX2-expressing COA cells is sufﬁ-
cient to rescue LR development indicates that early LRD function in
tissues outside of the COA is dispensable for the establishment of LR
asymmetry, and that the primary role of LRD in LR development is a
requirement for axonemal-dynein-driven ciliary motility to generate
ﬂuid ﬂow across the COA. The incomplete rescue of organ asymme-
tries and Pitx2 expression in lrdΔneo/Δneo ::Rfx2-Cre mice could be
due to minor contributions of non-RFX2-positive cells to ﬂuid ﬂow,
or to incomplete rescue of LrdΔneo due to delay in Cre-mediated ex-
cision of the ﬂoxed LrdΔneo allele. The latter is quite likely, since LRD
expression and subsequent COA ﬂuid ﬂow must be completed within
a short developmental window extending from 0 to 4 somites.
Whether LRD expression in the foregut pocket or in other domains
functions to reinforce COA ﬂow-initiated asymmetries remains to be
investigated.
Origin and transcriptional regulation of ciliated COA cells
A functional COA has been identiﬁed in zebraﬁsh, frog, rabbit and
mouse. These structures all have motile cilia that produce directional
ﬂuid ﬂow during a brief developmental window preceding the ap-
pearance of molecular or anatomic LR asymmetries. The zebraﬁsh
COA, Kupffer's vesicle, derives from a migratory population of cells
called dorsal forerunner cells (Cooper and D'Amico, 1996; Essner et
al., 2005). The origin of cells that contribute to the COA in other ver-
tebrates remains less deﬁned. Based on observations of cell morphol-
ogy and cilia function, the mammalian COA is not a homogeneous cell
population, and the origin of COA cells, along with the mechanism by
which COA cell subpopulations are speciﬁed remains unclear. The
mouse COA, posterior notochord (PNC), consists of ~250 small co-
lumnar pit cells surrounded by a smaller group of ﬂat crown cells
(Sulik et al., 1994; Yamanaka et al., 2007). In mouse and rabbit, the
PNC is a dynamic population of cells, marked by expression of Noto,
Brachyury and FoxA2, surrounded by a small domain of Nodal and
Cerl2 expression, and distinguished from the classical ‘node’ by the
absence of organizer gene expression (Blum et al., 2007). Remarkably,
although the cells in the PNC are mitotically inactive, the number of
densely-packed ciliated PNC cells increases from 50 to 250 during the
late headfold to early somite stages when the LR axis is speciﬁed. Our
data indicates that at least some PNC cells in mouse arise either via
movement from the anterior end of the primitive streak into the PNC,
or are deposited in the PNC as the primitive streak regresses. In either
case, cells destined for the PNC are bottle-shaped cells identiﬁed by
expressing Rfx2. Our Rfx2-Cre-driven rescue of LRD-dependent ciliamo-
tility in this subset of PNC cells indicates that these cilia are sufﬁcient to
create ﬂuid ﬂow for the determination of LR asymmetry. We suggest
that the Rfx2-expressing cells at the anterior end of the primitive streak
in mouse correspond to the rfx2-expressing dorsal forerunner cells in
zebraﬁsh, providing a functional deﬁnition of COA cells.
The transcriptional control of ciliogenesis in the COA is complex.
The homeobox protein Noto plays an important role in the formation
of the COA in the mouse; mutants have defects in the PNC and later-
ality defects (Abdelkhalek et al., 2004), cilia are reduced in number
and are shorter, and expression levels of the transcription factors
FoxJ1 and Rfx3 are reduced or abolished (Beckers et al., 2007). RFX3
in turn has been shown to have an effect on cilia in the mouse COA:
Rfx3−/− mice have laterality defects, and cilia in the COA are present
but stunted (Bonnafe et al., 2004). Foxj1 also exerts control over COA
ciliogenesis in zebraﬁsh and in the speciﬁcation of motile versus sen-
sory cilia in the Xenopus COA by inﬂuencing expression of a wide
Fig. 8. RFX2-Cre mediated rescue of LrdΔneo/Δneo. (A) Lrd-Δneo construct used to generate LrdΔneo/Δneo knock-in mice (B) RFX2-Cre rescues of embryonic lethality observed in LrdΔneo/Δneo
mice. (C) RFX2-Cre rescue of situs inversus in LrdΔneo/Δneo livebornmice. (D) RFX2-Cremediated rescue of abnormal expression of Pitx2. (E–J) Node cilia shown via GFP-LRD ﬂuorescence
(left) overlaid onto DIC image of COA (right); shadow in (E,G,I) outlines COA in dark-ﬁeld image. (E–F) LrdΔneo/Δneo :: RFX2-Cre (G–H) LrdΔneo/Δneo (I–J) Lrd-GFP.
176 B.W. Bisgrove et al. / Developmental Biology 363 (2012) 166–178range of genes required for ciliogenesis and ciliary motility including
Rfx2 (Stubbs et al., 2008; Yu et al., 2008) (our unpublished observa-
tions). Rfx2 in the zebraﬁsh pronephric duct (PND) exhibits a dynam-
ic expression pattern: early during PND development, it is expressed
in all ciliated cells, subsequently it becomes restricted to the multi-
ciliated cells in response to the Notch signaling pathway (Liu et al.,
2007; Ma and Jiang, 2007). We show here that knockdown of Rfx2
function results in the intermittent loss of cilia along the length of
the PND, suggesting that these missing cilia may correspond to
those of the rfx2-expressing multi-ciliated cells. Notch and Fgf signal-
ing pathways have also recently been demonstrated to control KV
cilia length through regulation of foxj1a and rfx2 expression (Lopes
et al., 2010; Neugebauer et al., 2009). Thus, our and other studies sug-
gest a complex gene regulatory network operating in COA and other
ciliated structures with inputs from Notch and FGF signaling path-
ways modulating the expression of transcription factors including
Foxj1 and Rfx2, which in turn regulate the expression of genes direct-
ly involved in cilia structure and function.
In summary, we demonstrate that the X-box transcription factor
RFX2 is required for ciliogenesis and LR development. We deﬁne an
evolutionarily-conserved group of cells that expresses Rfx2, populates
the Ciliated Organ of Asymmetry, and is capable of generating ﬂuid
ﬂow to establish LR asymmetry. Complementary to our results inzebraﬁsh and mice, recent results indicate roles of RFX2 in ciliogenesis
in Xenopus (Chung et al., in press), indicating conserved roles for RFX2
in vertebrate development.
Supplementary materials related to this article can be found on-
line at doi:10.1016/j.ydbio.2011.12.030.
Supplementary data to this article can be found online at doi:10.
1016/j.ydbio.2011.12.030.
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